21 22 23 Key points: 24 1. The simulations show evident accumulation of aerosols near the southern Himalayas 25 during the pre-monsoon season. 26 2. The prevailing up-flow across the Himalayas driven by the large-scale circulation during 27
particular quantifying the impacts of complex topography. A few of modeling studies 126 investigated the pollutant transport mechanisms using 3-D chemical transport models (e.g., (Zaveri and Peters, 1999) are selected. The MOSAIC aerosol scheme uses an approach of 167 segmentation to represent aerosol size distribution with four or eight discrete size bins (Fast 168 et al., 2006) . The MOSAIC scheme classifies aerosols into multiple components including 169 OM (organic matter), BC (black carbon), NO3 -(nitrate), SO4 2-(sulfate), NH4 + (ammonium), 170 sea salt, mineral dust, and OIN (other inorganic). It consists of a range of physical and 171 chemical processes such as nucleation, condensation, coagulation, aqueous phase chemistry, 172 and water uptake by aerosol. The parameterization of dry deposition of aerosol mass and 173 number is according to the method of Binkowski and Shankar (1995) , including particle 174 diffusion and gravitational effects. Aerosol-cloud interactions were included in the model by 175 Gustafson et al. (2007) for calculating the activation and re-suspension between dry aerosols 176 and cloud droplets. The wet removal of grid-resolved stratiform clouds/precipitation includes 177 two aspects, namely in-cloud removal (rainout) and below-cloud removal (washout) by (Hess et al., 1998) , with a detailed description of the computation of aerosol optical 183 properties can be found in Barnard et al. (2010) and Zhao et al. (2013a) . For both short wave 184 and long wave radiation, aerosol radiation feedback combined with Rapid Radiative Transfer 185 Model (RRTMG) (Mlawer et al., 1997; Iacono et al., 2000) was implemented by Zhao et al 186 (2011) . For the diagnose of the optical properties and direct radiative forcing of various 187 aerosol species in the atmosphere, adopted the method described by Zhao et al (2013a) . The 188 radiative forcing of light absorbing aerosol in surface snow is estimated with the SNICAR 189 model (Flanner and Zender, 2005) in the land surface scheme as introduced by Zhao et al. 190 (2014). ( Figure 2) . The goal of this study is to investigate the different representations of topography 200 on the transport. Figure 3 shows the spatial distribution of terrain height from the outer 201 domain at 20 km resolution and the inter domain at 4 km over the Himalayas (75-91°E, 202 24-35°N). It is evident that the terrain is much smoother at 20 km than at 4 km resolution. 203 The hillsides and valleys can be resolved to some extent at 4 km resolution but mostly missed 204 at 20 km. The probability distributions of terrain height at 20 km and 4 km resolutions (Fig. 205 S1 in the supporting material) show that the difference between the two resolutions is small 206 for the terrain height lower than~4 km but is significant for the terrain height above~4 km.
207
The simulations are conducted for March 29th-April 20 of 2016. The results of April 5 th -20 th 208 are analyzed for the observed pollution episode. 209 The meteorological initial and lateral boundary conditions are derived from the ECMWF 210 reanalysis data at 0.5°0.66°horizontal resolution and 6 h temporal intervals. The modeled 211 u component and v component wind and atmospheric temperature are nudged towards the 212 reanalysis data with a nudging timescale of 6 h (Stauffer and Seaman, 1990; Seaman et al., 213 1995; Liu et al., 2012) . Spectral nudging method is applied to balance the performance of 214 simulation at the large and small scales (Liu et al., 2012) , and only to the layers above the 215 PBL with nudging coefficients of 3  10 -4 s -1 . A wave number of three is selected for both Himalayas is an apparent boundary line for the distribution of BC. There is a sharp gradient 285 across the Himalayas. The high BC mass loading exists near the southern Himalayas reaching 286 over 20 mg/m 2 , while the value reduces significantly to less than 0.5 mg/m 2 over the TP. The 287 high BC mass loading near the southern Himalayas is primarily contributed by the biomass 288 burning emission during the period (Fig. 4) . The relatively large difference between the two 289 simulations over the source region near the southern Himalayas is mainly due to the different 290 spatial distributions of emissions at the different resolutions. Over the TP, the column BC 291 mass loading from the simulation at 4 km is higher than that at 20 km resolution. Figure 8 shows the spatial distribution of surface BC concentration and surface wind 313 field within the inner domain from the simulations at 4 km and 20 km resolutions. The 314 difference between the simulations at two resolutions is also shown. Over the TP, the surface 315 BC concentration near the Himalayas from the simulation at 4 km resolution is higher than 316 that at 20 km resolution, but the difference between the two simulations is relatively small 317 compared to the column BC mass (Fig. 5) . The difference also exhibits heterogeneous 318 distribution with evidently higher BC concentration at 4 km resolution than at 20 km 319 resolution near the valleys, which reflects the impact of topography on transport (see the 320 discussion in Section 3.2). Compared with the winds at 500 hPa ( suggests that the large-scale westerlies are the dominant mechanism transporting BC across 356 the Himalayas into the TP. The local circulation strengthens the prevailing import transport 357 during the daytime and weakens the import during the night, particularly in the west to~85°E. 358 In addition, deeper PBL during the daytime allows BC over the source region mixed to 359 higher altitude, which also leads to stronger import transport during the day than the night. 360 In general, the characteristics of transport flux across the Himalayas discussed above are 361 consistent between the simulations at 4 km and 20 km resolutions. However, the difference 362 between the two resolutions is also evident. First of all, the mountain ridges are much higher 363 and valleys are much deeper at 4 km than at 20 km resolution. Overall, the topography is 364 more smoothing at 20 km than at 4 km resolution. To demonstrate the transport pathway Valley around 84°E. This turns out that the overall transport at 4 km resolution is much 402 stronger than that at 20 km resolution. Figure 14 shows the accumulated integrated total 403 transport flux of BC across the Himalayas estimated from the simulations at 20 km and 4 km 404 resolutions for April 1-20, 2016. The accumulated import flux of BC increases during the 405 period at both resolutions, and the difference between the two resolutions gradually increases 406 with the time. At the end of period, the simulation at 4 km resolution estimates a total import 407 flux of BC of~1.510 4 Ton that is~50% higher than~1.010 4 Ton estimated based on the 408 simulation at 20 km resolution. 409 To confirm that the different modeling results between the two resolutions is due to their 410 different complexity of topography of Himalayas, a sensitivity experiment is conducted in the 411 same way as the control experiment except that the inner domain at 4 km resolution applies 412 the topography distribution exactly following that at 20 km resolution. It is interesting that 413 the sensitivity experiment simulates very similar transport flux of BC along the longitude 414 cross section ( Fig. 13 and 14 ). This indicates that the difference between the simulations at 415 the two resolutions is primarily determined by their difference of topography, which 416 highlights the significant impact of the complexity of topography on BC transport across the 417 Himalayas. The simulation at 4 km resolution resolves more valleys and thus produces much 418 stronger transport fluxes, which indicates that although the transport of South Asian BC 419 across the Himalayas can overcome the mountain ridges, the valley transport is much more 420 efficient and this enhancement cannot be ignored. 421 422
Radiative forcing of BC over the TP

423
The BC transported over the TP could significantly influence the regional climate and 424 water resources over Asia through heating the atmosphere and accelerating the melting of 425 snow and glacier (e.g., Qian et al., 2011 Qian et al., , 2015 Lau et al., 2016 Lau et al., , 2017 . Therefore, the impact 426 of the complex topography on estimating the BC radiative heating profile in the atmosphere 427 and radiative forcing in surface snow deserves investigation. Figure 15 and heating rate near the surface than the one at 20 km resolution. The process analysis 445 indicates that this is mainly due to that the sensitivity experiment simulates smaller net 446 transported BC concentration near the surface of TP compared to the experiment at 20 km 447 resolution (not shown). 448 The BC radiative forcing in surface snow is controlled by both the distributions of BC 449 mass concentration and snow coverage (e.g., Zhao et al., 2014) . Figure 16 shows the spatial 450 distributions of snow water equivalent (SWE) averaged for April 5-20, 2016 from the 451 simulations at 20 km and 4 km resolutions. The sensitivity experiment at 4 km resolution but 452 with the smoothing 20km-topography is also shown. It shows that the simulation at 4 km 453 resolution generates more areas with higher SWE compared to that at 20 km resolution. In 454 particular, the SWE is higher over the mountain ridges along the Himalayas and over the TP 455 at 4 km than at 20 km resolution. The sensitivity experiment at 4 km resolution but with the 456 smoothing 20km-topography still produces larger SWE along the Himalayas but similar SWE 457 over the TP compared to the simulation at 20 km resolution. This is mainly induced by the 458 difference in precipitation between the two resolutions ( Fig. S6 in the supporting material) . 459 Along the Himalayas, the precipitation from the simulation at 4 km resolution is larger than 460 that at 20 km resolution regardless of the complexity of topography. However, over the TP, 461 larger precipitation is produced with more complex topography at 4 km resolution than that at 462 20 km resolution (Fig. S6 ). 463 Figure 17 shows the spatial distributions of BC radiative forcing in the surface snow Himalayas, which follows the distributions of snow coverage along the Himalayas (Fig. 16) . 474 Over the western Himalayas, the simulation at 20 km resolution generates higher BC forcing 475 in snow to some extent. With the smoothing 20km-topography at the 4 km resolution, the 476 simulated BC forcing in snow covers more areas along the Himalayas than that from the 20 477 km resolution and is similar as that at the simulation at 4 km resolution. However, with the 478 smoothing 20km-topography, the BC forcing in snow from the simulation at 4 km resolution 479 is higher over the western Himalayas. Overall, the complex topography at 4 km leads to 480 higher BC forcing in snow over the TP and the eastern Himalayas and reduces the BC forcing 481 in snow over the western Himalayas, and therefore results in a different distribution of BC 482 forcing in snow over the TP and Himalayas, compared to that at 20 km resolution. strengthens the prevailing import transport during the daytime and weakens the import during 502 the night. In addition, deeper PBL during the daytime allows BC over the source region 503 mixed to higher altitude, which also leads to stronger import transport during the day than the 504 night. It is also noteworthy that the BC accumulated near the southern Himalayas can be 505 transported across the Himalayas no matter of through valleys or across mountain ridges, 506 which is consistent with the observation-based estimate by Gong et al. (2019) that also found 507 pollutants can overcome the blocking effect of the mountain ridges of Himalayas as the 508 efficient transport pathway. However, the transport through the valleys is found much 509 stronger and more efficient than across the mountain ridges and the enhancement effect 510 cannot be ignored. 511 The mountain ridges are much higher and valleys are much deeper at 4 km resolution 512 than at 20 km resolution. The transport strength through the valleys and across the mountains 513 are similar from the simulation at 20 km resolution due to its smoothing topography. At 4 km 514 resolution, the deeper valleys result in much stronger transport flux than that at 20 km 515 resolution, which highlights the significant impact of the complexity of topography on BC 516 transport across the Himalayas. The complex topography resolved by the 4 km resolution 517 leads to 50% higher overall transport fluxes of BC across the Himalayas compared to that 518 from the simulation at 20 km resolution during the simulation period. This turns out that the 519 simulation at 4 km resolution produces 20-50% higher BC radiative heating rate in the 520 atmosphere averaged over the TP than does the simulation at 20 km resolution. For the BC 521 radiative forcing in surface snow, the simulation at 4 km resolution produces stronger forcing 522 over the TP than that at 20 km resolution. The complex topography makes the distribution of 523 BC forcing in surface snow quite different between the simulations at the two resolutions, Phys., 67, 181-198, doi: 10.1007 /BF01277509, 1998 Zaveri, R. A. and Peters, L. K.: A new lumped structure photochemical mechanism for 904 large-scale applications, J. Geophys. Res., 104, 30387-30415, doi: 10.1029 1999. Chem. Phys., 17, 3083-3095, doi: 10.5194/acp-17-3083-2017 Phys., 17, 3083-3095, doi: 10.5194/acp-17-3083- , 2017 Zhao, C., Liu, X., Leung, L. R., Johnson, B., McFarlane, S. A., Gustafson, W. I., Fast, J. D., 920 and Easter, R.: The spatial distribution of mineral dust and its shortwave radiative forcing 921 over North Africa: modeling sensitivities to dust emissions and aerosol size treatments, 922 Atmos. Chem. Phys., 10, 8821-8838, doi: 10.5194/acp-10-8821-2010, 2010. 923 Zhao, C., Liu, X., Leung, L. R., and Hagos, S.: Radiative impact of mineral dust on monsoon 924 precipitation variability over West Africa, Atmos. Chem. Phys., 11, 1879 Phys., 11, -1893 Phys., 11, , doi: 925 10.5194/acp-11-1879 Phys., 11, -2011 Phys., 11, , 2011 Zhao, C., Ruby Leung, L., Easter, R., Hand, J., and Avise, J.: Characterization of speciated 927 aerosol direct radiative forcing over California, J. Geophys. Res. Atmos., 118, 2372 -2388 doi: 10.1029/2012JD018364, 2013(a). 929 Zhao, C., Chen, S., Leung, L. R., Qian, Y., Kok, J., Zaveri, R., and Huang, J.: Uncertainty in 930 modeling dust mass balance and radiative forcing from size parameterization, Atmos. 931 Chem. Phys., 13, 10733-10753, doi: doi:10.5194/acp-13-10733-2013 , 2013 -14-11475-2014, 2014. 937 Zhao, C., Huang, M., Fast, J. D., Berg, L. K., Qian, Y., Guenther, A., Gu, D., Shrivastava, M., 938 Liu, Y., and Walters, S.: Sensitivity of biogenic volatile organic compounds to land surface 939 parameterizations and vegetation distributions in California, Geosci. Model Dev, 9, 940 1959 -1976 , doi: 10.5194/gmd-9-1959 Zhao, P., Zhou, X., Chen, J., Liu, G., and Nan, S.: Global climate effects of summer Tibetan 942 Plateau, Science Bulletin, 64, 1-3, doi: 10.1016/j. scib.2018.11.019, 2019. 943 Zhao, Z., Cao, J., Shen, Z., Xu, B., Zhu, C., Chen, L.-W. A., Su, X., Liu, S., Han, Y., Wang, 944 G., and Ho, K.: Aerosol particles at a high-altitude site on the Southeast Tibetan Plateau, 
